Introduction
Peritoneal carcinomatosis remains a major obstacle that severely limits the further improvement of gastric cancer patients' prognosis after surgeries (1) . It appears in the terminal stage and significantly worsen the prognosis of this type of gastric carcinoma (2) . Thus, the presence or absence of peritoneal metastasis after surgery is one of the most critical factors in determining the prognosis of patients with gastric cancer. Unfortunately, little is known about the mechanism of this phenomenon.
Stephen Paget's 'seed and soil' theory of tumor metastasis may provide a clue useful for further investigation. This theory stated that the sites where metastasis occurs are defined not only by the tumor cells (seed) but also by the local microenvironment of the metastatic site (soil) (3) . In other words, the specific site of cancer cell metastasis is not simply due to the anatomic location of the primary tumor or proximity to secondary sites but rather, it involves interactions between tumor cells and the local microenvironment at the secondary site (4) . Therefore, peritoneal carcinomatosis may occur as the peritoneal stroma environment promotes tumor cells to attach to the peritoneal mesothelium by providing various growth factors and chemokines that promote tumor metastasis (5) . This process is established by the interactions between extracellular matrix-associated proteins and signals produced by mesothelial cells and the corresponding adhesion molecules from tumor cells (6) . Extracellular matrix (ECM) components such as collagen, laminin, fibronectin and hyaluronic acid are ligands for integrins and CD44h, which are thought to be involved in the peritoneal dissemination of cancer cells (7) .
Transforming growth factor-β1 (TGF-β1) is a 25 kD homodimeric polypeptide that can participate in a broad array of biologic activities such as normal development, wound healing and pathological processes (8) . TGF-β1 is also an inducer of ECM protein synthesis and has been implicated as the key mediator of fibrogenesis in various tissues (9, 10) . Our previous study demonstrated that the TGF-β1 levels in peritoneal lavage fluid are significantly correlated with peritoneal metastasis and TNM stages of gastric cancer (11, 12) . In addition, peritoneal fibrosis induced by TGF-β1 stimulates adhesion of gastric cancer cells to the peritoneum, thus resulting in an increase of the potential for peritoneal dissemination (12) (13) (14) . However, the mechanisms are not yet clearly understood. In the present study we demonstrate in vitro that TGF-β1 involvement in peritoneal fibrosis occurs through Smad2 signaling, and is dependent on microenviroment changes in the ability of gastric cancer cells to attach to and invade through mesothelial cells in the early stages of peritoneal dissemination.
Materials and methods
Total Smad2, phosphorylated Smad2, fibronectin and collagen III antibodies, as well as secondary antibodies were purchased from Santa Cruz Biotechnology, Inc. (USA). Calcein-AM was obtained from Calbiochem, UK. Dulbecco's modified Eagle's medium and fetal calf serum (FCS) were purchased from Gibco-BRL (USA). Human TGF-β1 was obtained from Sigma (USA), human TGF-β1 ELISA kit from R&D Systems (Minneapolis, MN, USA), a phase contrast microscope from Nikon Japan, and a fluorescence microscope from Japan Olympus (Japan). Other laboratory reagents were obtained from Sigma (USA).
Cells and culture. Mesothelial cells were isolated from surgical specimens of human omentum as previously described (15) . Briefly, small pieces of omentum were surgically resected under sterile conditions and were trypsinized at 37˚C for 30 min. The suspension was then passed through a 200-µm-pore nylon mesh to remove undigested fragments and centrifuged at 2,000 rpm for 5 min. The collected cells were cultured in RPMI-1640 supplemented with 10% FCS. In the following experiments, cells were used during the second or third passage after primary culture. Human peritoneal mesothelial cells (HPMCs) were identified by immunostaining with mouse monoclonal antibodies against cytokeratin and vimentin (DAKO, Japan). The donors had no signs of peritoneal inflammation and/or malignancy. All patients provided written informed consent prior to participation in the study. Our study was approved by the institutional ethics committee. An undifferentiated human gastric carcinoma cell line, HGC-27, was obtained from the Cancer Research Institute of Beijing, China. This cell lines was cultivated in T75 tissue culture flasks in DMEM supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM L-glutamine, and 20 mM hydroxyethyl piperazine ethanesulfonic acid (HEPES). Cultures were grown at 37˚C in a humidified 5% CO 2 and 95% air incubator.
Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR).
The cells were grown to subconfluence and then starved for 15 h in serum-free medium to attain quiescence. Afterwards, the cells were washed twice with PBS and cultured in either serum-free medium (control) or serum-free medium plus 5 ng/ml of TGF-β1 (experimental) for up to 72 h. Total-RNA was isolated from these cells using the TRIzol reagent according to the manufacturer's instructions. One microgram of the total cellular RNA was then reverse-transcribed into cDNA for PCR amplification using a kit from Sigma. The primer sequences used for PCR are listed in Table I . Amplification consisted of an initial 5 min incubation at 95˚C and then 30 cycles of amplification using 30 sec of denaturation at 95˚C, 30 sec at 56˚C and 60 sec at 72˚C. The final extension was set for 10 min at 72˚C. All data were expressed as the relative differences between control and treated cells after normalization to β-actin expression.
Protein extraction and Western blotting. Total cellular protein was extracted using a lysis buffer and quantified using protein quantification reagents from Bio-Rad. Next, 50 µg of the protein were suspended in 5X reducing sample buffer, boiled for 5 min, electrophoresed on 10% SDS-PAGE gels, and then transferred to polyvinylidene difluoride membrane by electroblotting. The membrane was blocked in 1% BSA/0.05% Tween/ PBS solution overnight at 4˚C, followed by incubation with the primary antibody for 24 h. A horseradish peroxidase-labelled goat anti-mouse IgG was used as the secondary antibody. The blots were then developed by incubation in a chemiluminescence substrate and exposed to X-ray films.
Enzyme-linked immunoassay (ELISA).
Culture media were analyzed for collagens type Ⅲ and fibronectin using sandwich ELISA. HPMCs were cultured on a 6-well tissue culture plate to confluence. The cells were treated with recombinant human TGF-β1 once i.e. at the time of switching to serumfree medium for a specific period, and then was changed the medium. After 24 h, the culture medium was harvested. Purified human collagen III and fibronectin were used as a standard. Manipulation was performed according to the manufacturer's instructions. The data on the collagen III and fibronectin protein levels were summarized as mean ± SE of each sample.
Immunofluorescence staining. The expression of fibronectin in mesothelial cells was analyzed by immunofluorescence microscopy. In brief, the cells were cultured on collagen-coated glass coverslips up to confluency and then fixed in 4% paraformaldehyde in 20 mM HEPES (pH 7.4) and 150 mM NaCl for 20 min. The glass coverslips were rinsed three times and then permeabilized with 1.2% Triton X-100 for 5 min, rinsed three times again and then incubated with 1% BSA/0.05% Tween/PBS for 1 h. Staining for the expression of fibronectin Table I . Primers used in the RT-PCR analysis.
Primer
Sequence Length (bp)
was carried out with a primary rabbit anti-fibronectin (1:200) antibody and then with a secondary antibody conjugated with FITC. The DNA dye TO-PRO-3 (blue) was used for counterstaining. The stained cells were mounted and viewed under immunofluorescence microscopy.
Small interfering-RNA (siRNA) treatment. The HPMCs were grown to 70% confluence on culture dishes and the transient transfection was performed with specific stealth small interference RNA (siRNA) against Smad2, or control siRNA overnight using Lipofectamine 2000 (Invitrogen; Carlsbad, CA), according the manufacturer's instructions. The total of three siRNA sequences for Smad2 and control-siRNA were designed and synthesized from Invitrogen using an RNAi designer software program. The concentration of 300 nM was determined to be the most effective siRNA concentration for Smad2 silencing. The transfection medium was changed with culture medium containing 5% FBS for 24 h. TGF-β1 at a final concentration of 5 ng/ml was added to the cell cultures in serum-free medium with or without TGF-β1 (control). The cells were harvested at 4, 24 and 72 h for further experiments.
Tumor cell adhesion assay. The adhesion ability of gastric cancer cells to mesothelial cells was determined as described previously by Alkhamesi et al (16) . Briefly, HPMCs were grown in a monolayer in 96-well plates overnight and treated with TGF-β1 or Smad2 siRNA. Cancer cells were stained with 15 µM of calcein AM for 30 min at 37˚C and 5% CO 2 . Afterwards, these cells (5x10 4 /well) were added to 96-well plates that contained peritoneal mesothelial cells and incubation occurred for 3 h at 37˚C. The plates were then washed three times with 200 µl of growth medium to remove the non-adherent tumor cells. The remaining adherent tumor cells were observed under a fluorescence microscope. The reason for use of 3 h was based on our pre-run experiments of the kinetics of binding of cancer cells to cell culture dishes.
Invasion assay. The assay of in vitro invasiveness was carried out by the method of Hirashima et al (17) . An invasion assay upper chamber with an 8.0-µm porosity cell-permeable polycarbonate filter covered with Matrigel was placed on a cell culture plate. HPMCs were cultured fully on Matrigel, pretreated with TGF-β1 or Smad2-siRNA, and washed, and gastric cancer cells HGC-27 were serum-starved for 12 h and then plated in the upper well at a concentration of 3x10 5 /ml of serum-free medium. As a chemoattractant, 10% FCS medium was used in lower chamber. At the end of the incubation, the filters were removed, fixed in 95% alcohol, and stained with trypan blue. The cells remaining on the top surface of the membrane were completely removed with a cotton swab, and the membrane was removed from the chamber and mounted on a glass slide. The number of infiltrating cancer cells were counted in five regions selected at random, and the extent of invading cancer cells was determined by the mean count.
Statistical analysis. Data are expressed as mean ± SD. Statistical comparisons of the data from the various groups were performed by using Student's t-test. Differences between groups were considered statistically significant at P<0.05.
Results

TGF-β1 up-regulates collagen III and fibronectin mRNA expression in HPMCs.
TGF-β1 significantly increased steadystate levels of both collagen III and fibronectin mRNA in HPMCs (Fig. 1) . The respective values of collagen III and fibronectin mRNA expression were 1.6-and 1.9-fold that of control at 48 h, and were lower to those at 72 h.
Effects of TGF-β1 on collagen Ⅲ and fibronectin protein production by HPMCs. To confirm that TGF-β1 up-regulates collagen Ⅲ and fibronectin protein expression in HPMCs we performed immunoblot analysis. TGF-β1 increased collagen Ⅲ and fibronectin production by HPMCs after 48 h of incubation in a time-dependent manner. ELISA confirmed the significant increase in collagen Ⅲ and fibronectin protein synthesis in a dose-and time-dependent manner (Fig. 3) .
Effects of TGF-β1 or siRNAi-Smad2 on Smad2 phosphorylation of HPMCs.
We examined the effect of TGF-β1 on the activation of Smad2 phosphorylation and total-Smad2 in HPMCs. Here we show that 5 ng/ml of TGF-β1 induced phosphorylation of Smad2 within 10 min of stimulation, and the level of Smad2 phosphorylation reached a maximum between 30-60 min after treatment and remained elevated for the duration of the experiment without affecting total Smad2 expression (Fig. 4A) . In order to confirm whether Smad2 is involved in TGF-β1 mediated peritoneal fibrosis, siRNAs were used to knock down the Smad2 gene in HPMCs. siRNAi-Smad2#1 showed highly significant knockdown for Smad2 and phosphorylated Smad2 when compared to the other two siRNA's or control siRNA (Fig. 4B) .
Silencing Smad2 signaling blocks TGF-β1 induced collagen Ⅲ and fibronectin expression in HPMCs.
In order to confirm that Smad2 is involved in TGF-β1 induced collagen Ⅲ and fibronectin expression in HPMCs, siRNAs were used to knock down the Smad2 gene in HPMCs. We first evaluated the expression of collagen Ⅲ and fibronectin in total cell lysates by Western blot analysis, after silencing Smad2 by using siRNA-Smad2 or control-siRNA in HPMCs treated with TGF-β1. Treatment of HPMCs with siRNA-Smad2 prior to TGF-β1 stimulation significantly inhibited the expression of collagen Ⅲ and fibronectin when compared to control (Fig. 5A and B) . We also examined the expression of fibronectin by immunofluorescence staining. Fibronectin fibrils were clearly detected in the cytoplasmic region of HPMCs treated with TGF-β1 at 48 h, but HPMCs were transfected with siRNA-Smad2 showed minimal fibronectin deposition (Fig. 5C) .
Induction of gastric cancer cell adhesion to the mesothelial cells through peritoneal fibrosis.
We then assessed the role of TGF-β1 and Smad2 siRNA in regulating the adhesion ability of gastric cancer cells to mesothelial cells. By fluorescently examining the level of tumor cells adhering to mesothelial cells in response to TGF-β1 treatment, we found that peritoneal fibrosis appeared to be able to promote gastric cancer cell adherence to mesothelial cells, as compared to the control. Smad2 siRNA decreased the number of cancer cells that adhered to the mesothelial cells under TGF-β1 stimulation (Fig. 6 ). Induction of gastric cancer cell invasion through mesothelial monolayers through peritoneal fibrosis. To investigate the potential of peritoneal fibrosis in promoting gastric cancer cell invasion through mesothelial monolayers, we used HGC-27 cell lines in Transwell invasion assays. After 18 h of incubation for invasion, the wells were harvested and cells that migrated to the lower surface of the membrane were counted. The peritoneal fibrosis microenvironment significantly promoted the invasiveness of cells (Fig. 7) . Smad2-siRNA decreased the number of cancer cells that invaded through mesothelial monolayers under TGF-β1 stimulation.
Discussion
In 40-50% of patients with gastric cancer, the cancer recurs, most frequently in the form of peritoneal metastasis, even after potentially curative resection (18, 19) . Paget has explained this phenomenon by the 'seed and soil' theory: metastases occur when some tumor cells only live and grow in a congenial environment (3). Peritoneal fibrosis induced by gastric cancer cells, may be a congenial environment ('soil') for peritoneal metastases of gastric carcinoma. Our previous study demonstrated that the TGF-β1 level in peritoneal lavage fluid is significantly correlated with peritoneal metastasis of gastric cancer (11). So we hypothesized that the abdominal cavity of cancer cells, dropping from primarily focus, released the early inflammatory factors, such as TGF-β1, which induce peritoneal fibrosis. Contrarily, the peritoneal fibrosis may stimulate dissemination of gastric cancer.
Fibronectin and collagen are ubiquitous constituents of the ECM. Secreted by cells as a soluble dimer, it is then processed and assembled into insoluble fibrils at the cell surface (20, 21) . It has been demonstrated that fibronectin released by peritoneal mesothelial cells stimulates ovarian cancer cell motility in vitro (6, 20) . Moreover, competitive inhibition of fibronectin by RGD-containing peptides has been reported to decrease peritoneal spreading of ovarian cancer cells in mice (22, 23) .
More recently it has been demonstrated that the attachment of cancer cells to the peritoneum results in up-regulation of their matrix metalloproteinase-2, which cleaves mesothelial cellderived fibronectin into small fragments that further augment cancer cell binding (24) . Our present study demonstrates that TGF-β1 up-regulates fibronectin and collagen Ⅲ protein synthesis by HPMCs, which may contribute to peritoneal dissemination of gastric cancer.
Smads are a group of intracellular proteins that are critical for transmitting the TGF-β1 signals from the cell surface to the nucleus to promote transcription of target genes (25, 26) . The role of Smad3 in the development of dermal fibrosis, subcapsular cataract, and peritoneal fibrosis has been reported (27, 28) . However, the potential role of Smad2 in the development of fibrosis is unclear. In the present study we demonstrate in vitro that the Smad2 signaling pathway may also be involved in peritoneal fibrosis, and silencing of Smad2 blocks the effect of TGF-β1. The TGF-β1-induced peritoneal fibrosis is dependent on Smad2 signaling, thus suggesting the possibility that HPMCs may be the source of ECM, and provide a favorable environment for the dissemination of gastric cancer.
To investigate whether the introduction of TGF-β1 could enhance tumor-mesothelial adhesion and if Smad2 siRNA could reduce this adhesion, we incubated the mesothelial cells with TGF-β1, or with Smad2 siRNA and with TGF-β1. In a subsequent step, we added tumor cells for three hours to evaluate the adhesion ability to mesothelial cells under various conditions. Interestingly, TGF-β1 increases tumor-mesothelial adhesion. Consistently, the inhibition of TGF/Smad2 pathway by siRNA led to a significant decrease of tumor-mesothelial adhesion. The findings are consistent with a previous report that TGF-β1 may enhance tumor-mesothelial cell adhesion (11, 29, 30) .
We elucidated the influence of TGF-β1 or Smad2-siRNA treated mesothelial cells on gastric cell invasion. Treatment of mesothelial cells with TGF-β1 increased the gastric cell invasion as compared with the control. However, the effect of TGF-β1 on tumor cell invasion was inhibited with Smad2-siRNA. Taken together, peritoneal fibrosis induced by TGF-β1 could modulate gastric cell cell adhesion to and invasion through mesothelial cell layers, and Smad2 were necessary for the effect.
In conclusion, TGF-β1 increased the expression of collagen Ⅲ and fibronectin of mesothelial cells, which was associated with the increased adhesive and invasion abilities of gastric cancer cells; while blocking Smad2 can partially inhibit these effects. These results indicated that peritoneal fibrosis induced by TGF-β1 is dependent on Smad2 signaling and provide a hospitable environment for carcinomatosis.
